We demonstrated the dissipative soliton generation from a passively modelocked ytterbium-doped fiber laser operating at 1041 nm by using evanescent field interaction with gold nanorods (GNR) saturable absorber (SA) experimentally. The GNRs, which have broadband longitudinal surface plasmon resonance absorption from ∼800 to ∼1500 nm, are synthesized by a seed-mediated growth method, and then composited with a D-shaped fiber to form the GNRs SA. The GNRs SA shows a modulation depth of 9.7% and low saturation intensity of 0.302 MW/cm 2 . With the proposed GNRs SA, a dissipative soliton fiber laser was achieved with pulse duration 162.3 ps, repetition rate of 6.649 MHz at 1041 nm for a pump power of 220 mW. In addition, the signal-to-noise ratio can reach ∼77 dB. The experimental result may make inroads for the nonlinear optical applications of the plasmonic nanomaterials.
Introduction
Ultrashort pulse Yb-doped fiber laser (YDFL) have attracted much interest in optical sensing, material processing, defense and military applications for their high stability, compact size, and efficient heat dissipation ability, which can make them practical alternatives to bulk laser systems [1] - [3] . Inspired by the requirements of the compact, stable, high pulse energy laser output, the fiber laser system operating in the all-normal-dispersion regime can provide an ideal solution with the help of the nonlinear saturable absorber (SA). With the evolution of the nonlinear optical materials, such as graphene [4] - [6] , carbon nanotubes (CNTs) [7] - [9] and topological insulators (TIs) [10] - [12] , and the cavity optimization, the pulsed laser performance has been greatly improved. However, for the low-dimensional materials, the defect prone exfoliation and transfer processes inevitably lead to poor repeatability and reliability, and it has been challenging to tune the intrinsic nonlinear optical response in these systems. Therefore, it is necessary to find proper nonlinear optical material to improve the laser performance [13] .
Gold nanorods (GNRs) are highly suitable plasmonic nanomaterials for the large third-order nonlinear response resulting from the surface plasmons resonance (SPR) characteristics [14] - [20] . Surface plasmons (SPs) refer to the electromagnetic oscillations generated by the excitation of a free electron and an electromagnetic field in a metal surface region under an external electromagnetic field [21] , [22] . Because of the spherical symmetry of the gold nanoparticles, free electrons oscillate uniformly in all directions, so there is only one SPR band [23] . However, the GNRs have an irregular rod-like structure and their optical properties are not isotropic, so that there are two absorption peaks generated by transverse SPR absorption and longitudinal SPR absorption [24] , [25] . By varying the aspect ratio of GNRs, it is possible to shift the linear and the nonlinear absorption behavior, which is the focus of theoretical and experimental research [26] . By controlling the aspect ratio of the GNRs, the longitudinal SPR absorption peaks can be located at 800-1500 nm, making it possible to act as a SA to achieve the desired mode-locked laser output [27] - [29] . When it comes to the fiber laser modulated by the SA, the method on how to integrate the nonlinear optical material into the fiber laser cavity is very important. The most popular method to integrate the nonlinear optical material is to sandwich the material between two fiber connectors via the transmissive way, since it offers the ease of integration into different fiber/waveguide systems. As for the GNRs, Z. Kang et al. have reported the mode-locked Yb-doped and Er-doped fiber laser with the transmissive type GNRs SA [24] , [25] - [30] . However, the kind of SA will be liable to damage for the strong light illumination, and thus the laser performance was limited to relatively low pump and output power. In addition, the SA suffers from the limited interaction length between light and the nonlinear optical material, and the not compact configuration. Another integration method is to utilize the interaction between the evanescent field of waveguide and the nonlinear optical material, which can provide a good platform to alleviate the damage threshold and tune the linear or nonlinear interaction with an all-fiberized configuration [31] . X. D. Wang et al. have realized the mode-locked operation around the 1.5 μm spectral range based on the evanescent field interaction between microfiber and GNRs [28] . The microfiber can have strong evanescent field to interact with the GNRs, but the waveguide is not robust enough for the long-term operation, and the microfiber will be easy to introduce large loss and strong nonlinear for the small core size. Inspired by the requirements to realize a stable, compact and high-performance fiber laser, the mode-locked fiber laser via evanescent field interactions between light propagating along the D-shaped fiber and the GNRs to achieve mode-locking needs to be explored.
In this paper, we propose a simple and easy method to implement a passively mode-locked YDFL operating at 1041 nm by using GNRs SA. GNRs integrated onto a D-shaped fiber have been prepared to act as the SA compatible with an optical fiber cavity. By inserting the GNRs SA into the YDFL cavity pumped by a 980 nm laser diode, stable dissipative soliton pulses can be generated with an all-fiberized format. When a pump power reached 220 mW, the pulse width, output power and repetition rate of the 1041 nm mode-locked laser were 162.3 ps, 1.31 mW, and 6.649 MHz, respectively. In addition, the signal-to-noise ratio can reach ∼77 dB. The results obtained show that the integrated GNRs SA can be used to deliver stable dissipative soliton pulse with an all-fiberized YDFL.
The Preparation and Characterization of the Gold Nanorods
In the experiment, we used a seed-mediated growth method to synthesize GNRs based on previous reported preparation method [32] - [35] . Firstly, 5 mL of a 0.034 mol/L chloroauric acid (HAuCl 4 ) aqueous solution is uniformly mixed with 20 mL of 2 mol/L Hexadecyltrimethyl ammonium bromide (CTAB) solution in a beaker. The mixture solution was stirred at 60°C for about 15 minutes. Then 1 mL of 0.0005 mol/L fresh sodium borohydride (NaBH 4 ) solution was injected into the above seed solution. The color of the solution changed from yellow to dark brown immediately. This means the desired seed solution was obtained. The seed solution was kept at 60°C for 1 hour and then used to synthesize GNRs. Next, we mixed 0.03 moles of CTAB, 0.0007 mol ortho-hydroxybenzoic, and 31.25 mL deionized water in a flask. After mixing, 0.156 mL of 0.00065 mol/L L-ascorbic acid aqueous solution, 1 mL of 0.004 mol/L AgNO 3 solution and 31.25 mL of 0.03375 mol/L HAuCl 4 aqueous solution was added into the growth solution and uniformly mixed. The color of the solution exhibits orange at once and then became colorless. 0.226 mL of 12 mol/L HCl solution was used to reduce the PH value below 7.0. Finally, we injected 0.2 mL of seed solution into the growth solution, so that it can initiate the growth of the GNRs. The final solution was kept at room temperature for 8 hours to ensure that it could successfully grow GNRs solution. Fig. 1(a) shows the transmission electron microscopy (TEM) image of the prepared GNRs. The rod-shape nanoparticles were obtained, and only a small amount of the spherical nanoparticles exists in the GNRs sample. The diameters of these GNRs were about 12 nm and the aspect ratios were in range of 4.5 to 8. There are almost 70% of GNRs have an aspect ratio of ∼5. The inset in Fig. 1(a) shows the photograph of the aqueous solution of GNRs. The GNRs film was formed by casting the GNRs-sodium carboxymetylcellulose (NaCMC) solution onto a flat silica glass, followed by a slow drying at room temperature.
The absorption spectrum of the GNRs film was shown in Fig. 1(b) . We used the ultraviolet (UV)-visible-near infrared (NIR) spectrophotometer (UV-3600 Shimadzu) to measure the sample. It can be observed that the GNRs have two absorption peaks at 527 and 1080 nm, respectively. The absorption peak at 527 nm is caused by the transverse SPR of the GNRs or spherical nanoparticles, and the other absorption peak at 1080 nm results from the longitudinal SPR of GNRs. The broadband absorption from ∼800 nm to ∼1500 nm can be understood as the response from the GNRs with aspect ratios of from 4 to 8.
Subsequently, we used the open aperture Z-scan technique to measure the nonlinear absorption characteristics of the GNRs film [35] . The schematic diagram of the experimental system is shown in Fig. 2 . The incident beam (repetition rate: 0.1 MHz, pulse width: 4 ns, center wavelength: 1064 nm) is split into two beams by a 1:1 beam splitter. One beam is received by probe 1 as the reference beam, and the other beam passes through a lens and vertically transmits the sample at the focal point, and then received by probe 2. During the experiment, the sample moves in the Z direction and the optical power values are recorded simultaneously.
The corresponding curve is shown in Fig. 3 . The experimentally obtained data is fitted by the following formula: where T is the optical transmittance, α s is the normalized modulation depth, I is the peak intensity, I s is the saturation intensity and α ns is the non-saturable loss [36] . As the intensity increases, the transmittance also increases from ∼69 to ∼77%. By fitting the experimental data, we obtained the modulation depth of GNRs to be 9.7% and saturation intensity to be 0.302 MW/cm 2 . The above results indicate that the non-linear absorption characteristics of GNRs SA could be used to modulate the Yb-doped fiber laser.
Results and Discussions
To examine whether GNRs SA can be used to induce mode locking, it was added to the YDFL cavity for verification. The schematic diagram is shown in Fig. 4 . In the experiment, the total cavity length of the fiber laser is about 30 m, including 1 m high concentration ytterbium-doped fiber (LIEKKI Yb1200-4/125) with a group velocity dispersion of 24.22 ps 2 /km and 20 m single mode light (SMF) with a group velocity dispersion of 21.91 ps 2 /km. In addition to YDF, the pigtail of each device, including twisted fibers of PC, is a single mode fiber with a total length of about 9 m. A 980 nm laser diode is used as the pump source in the experimental setup. The pump light is looped through a wavelength division multiplexer (WDM), and then the 980 nm light is used to amplify the 1041 nm laser through the ytterbium-doped fiber as a gain medium. A 10:90 fiber coupler finally outputs 10% of the light. A polarization-independent isolator (PI-ISO) is used in the cavity to ensure unidirectional cycling of the laser and to isolate the returned light. In addition, the polarization controller (PC) was added to adjust the birefringence and the polarization of the Fig. 4 . The experimental setup of ytterbium-doped fiber laser passively mode locked using a GNRs SA.
cavity. When the D-shaped fiber with GNRs has not been added, the mode-locked pulse cannot be obtained by either increasing the power of the pump source or adjusting the PCs, which eliminate the possibility of self-mode locking. With the addition of the GNRs SA, the output modulation from continuous-wave light to mode-locked pulsed light can be achieved. Finally, to monitor mode-locked pulse characteristics and spectral properties, we connected the 10% output of the fiber coupler to a 500 MHz oscilloscope (Tektronix TDS3054B), an optical spectrum analyzer (Ando AQ-6317B), together with a 5 GHz photodetector (Thorlabs SIR5).
In the absence of the GNRs SA, the laser is always in the continuous-wave light state and is insensitive to changing the polarization state of the light. After introducing the GNRs SA, a stable mode-locked laser oscillation can be observed by adjusting the 980 nm pump power to 150 mW. Fig. 5(a) shows a typical oscilloscope pulse trains of a mode-locked laser operating pulse sequence at a pump power of 220 mW. The time interval between the two pulses is 150.5 ns, which corresponds to a repetition rate of 6.649 MHz. There is no significant intensity modulation, which indicates that the GNRs SA can well suppress the instability of the pulse output in the mode-locked laser. Besides, it can be seen from a digital oscilloscope that the pulse duration is about 160 ps. Fig. 5(b) shows a typical bell-shaped mode-locked output spectrum observed at 220 mW. The wavelength center is located at 1041 nm with a 3 dB bandwidth of ∼8.6 nm, which is measured by a spectral analyzer with a resolution of 0.015 nm. The time bandwidth product (TBP) of the laser pulse has been calculated to be 386.4, which indicates that the fiber laser is highly chirped. Inspired the requirements to obtain ultrafast laser output, the laser pulse can be compressed either externally or internally, and the nearly transform-limited output can be anticipated with optimized dispersion managements. Fig. 5(c) shows a single pulse profile with 220 mW pulse output. By fitting the measured points with a Gaussian function, the full width at half maximum (FWHM) of a single pulse is 162.3 ps. The radio frequency (RF) spectrum in Fig. 5(d) shows a clear peak at ∼6.65 MHz, which is consistent with the repetition rate of the mode-locked laser. The signal-to-noise ratio (SNR) of the RF spectrum is ∼77 dB. This result shows that the mode-locked pulse we obtained is highly stable.
When the pump power increases from 150 mW to 330 mW, the output power increases from 0.69 mW to 1.97 mW, corresponding to a slope efficiency of ∼0.7%. For the whole mode-locking operation, the nonlinear saturation absorption effect of the GNRs SA play an indispensable role for the dissipative soliton generation. As for the dispersion map of the Yb-doped fiber laser in the all normal dispersion regime, the spectral filtering effects, amplification, gain, and loss in the fiber resonator will contribute to the formation of soliton, i.e., dissipative soliton [37] , [38] . Unlike traditional solitons, dissipative soliton can tolerate higher nonlinear effects and thus deliver the high energy pulse. To study the long-term stability of single soliton pulse operation under the condition that the experimental conditions were not changed, the function of automatic recording of the spectrometer was used to record a set of pulse spectra every ten minutes as shown in Fig. 6 . We can see that there is no drift in the center wavelength of the spectrum, the bandwidth of the spectrum is always consistent with the initial waveform, and no other frequency components appear, showing that the pulses we get are highly stable. During the transfer of gold nanorods to the D-shaped fiber, due to the high concentration of GNRs, sometimes the output power can't be well changed by controlling the number of droplets of the GNRs. In the future work, we will try to obtain a mode-locked YDFL with higher output power and narrower pulse width by optimizing the SA and configurations of the laser cavity [39] - [41] .
We have added a table to compare our experimental results with the reported results with GNRs SA, as show in Table 1 . From the experimental results, it can be seen that the fiber laser modulated by GNRs exhibits better performance with regards to the pulse energy, S/N ratio and the all-fiberized laser setup.
Conclusions
In conclusion, we have achieved a stable all-fiberized passive YDFL via evanescent interaction with GNRs. We verified the nonlinear modulation of the GNRs experimentally. An absorption peak of GNRs is around 1100 nm, and its modulation depth is measured to be 9.7%. With the pump power above 150 mW, we can obtain a stable mode-locked output from the YDFL with repetition rate of ∼6.65 MHz and SNR of ∼77 dB. Our experimental results show that GNRs can be used as an efficient SA in YDFL, which can make inroads towards the nonlinear optics applications of plasmonic materials.
